In Vivo Morphologic Imaging Taken to a Higher Level T he past several decades have seen remarkable advances in the clinical neurosciences, with some of the most remarkable achievements related to neuroimaging, especially in vivo neuroimaging, which now allows the interrogation of all three traditional components of biomedicine-morphology, physiology, and molecular biology. Two articles in this issue of Radiology highlight progress in one of these domains, specifi cally morphological imaging of the living human brain. These two articles by Marques et al (1) and Prudent et al (2) demonstrate state-of-the-art techniques for visualizing very small anatomic structures in the hippocampus and cerebellum of healthy subjects that are only a few hundred microns in size, truly in vivo microscopy.
If not yet at the single-cell level nor routinely available, the technology in these articles highlight recent advances in high-resolution imaging that have important clinical implications.
Morphologic imaging began, of course, at the "gross" level, that which could be seen by the "naked" human eye. The brain has been recognized as an "organ" since antiquity and early observers elaborately labeled gross components such as the fl uid-fi lled ventricles, large structures such as the cerebral lobes, and distinctive features such as the hippocampal formation, named for its resemblance to a ram's horn. These prescientifi c descriptions of the brain were followed by much more rigorous scientifi c descriptions of the structure of the brain by early anatomists such as Thomas Willis ( 3 ) . While Willis's application of the scientifi c method to the brain was seminal, the primitive scientifi c tools available at the time still limited his direct observations to gross anatomy. The scientifi c tools necessary to probe the fi ne structure of the nervous system, as well as its physiologic and molecular aspects, were still several centuries away.
During the 20th century, primitive scientifi c techniques were increasingly supplemented by more advanced anatomic, neurophysiologic, and molecular biologic techniques that have combined to yield the great depth of knowledge about the brain that we now have, knowledge that extends from single cells to highly integrated cognitive functions. An early and critical technological advance was light microscopy, which revealed morphology down to the cellular level. Microscopic imaging of the nervous system was pioneered by Camillo Golgi who discovered and Santiago Ramón y Cajal who applied the silver staining technique that demonstrates individual neurons. Their pioneering work, which was awarded a Nobel Prize in 1906, lay the groundwork for the modern "neuron doctrine" and the cellular basis of many neurologic diseases ( 4 ) . Light microscopy reveals the fi ne structure of the nervous system down to the micron level because of the high spatial resolution allowed by the short wavelength of light. Of equal importance for informative microscopic imaging of biologic tissues is contrast, differences in the intensity or frequency (color) of the light signal between different tissue elements. However, brain tissue has little intrinsic optical contrast, appearing as a relatively featureless expanse under even the fi nest conventional microscopic lenses. The lack of intrinsic optical tissue contrast was addressed by "contrast enhancing" histologic stains that have steadily evolved from relatively nonspecifi c morphological enhancers such as the hematoxylineosin stain to refi ned indicators such as today ' Noninvasive imaging of the whole, intact, living human brain began with Hounsfi eld's ( 13 ) invention of the x-ray computed tomographic (CT) scanner in 1973 . Although x-ray CT can be used to image brain morphology at relatively high spatial resolution, it does so at relatively low contrast (approximately 0.5% difference in linear attenuation coeffi cient between gray and white matter), and it uses ionizing radiation with its associated patient risk. Following landmark articles by Aue et al ( 14) and Lauterbur (15 ) in the 1970s, magnetic resonance (MR) imaging quickly superseded x-ray CT as the preferred technique for most in vivo human neuroimaging. MR imaging has the advantage of using remarkably safe, nonionizing radiofrequency signals, and these signals can be manipulated to be sensitive to a variety of intrinsic tissue contrast effects. MR imaging relies on radiofrequency signals emitted by nuclei of molecules, particularly water molecules. Because of their different water content and T1 and T2 relaxation times, there is approximately 20% difference in signal between gray matter and white matter on conventional MR images. Similar signal differences can be found function correlations that documented the brain as a central control organ. Because it has never been appropriate to perform debilitating experiments on human beings, fundamental questions pertaining to human brain function persisted until the "natural science" version of experimental neuroanatomy was introduced by clinicians such as Broca ( 9) and Morgagni (10 ), who attributed functional defi cits such as hemiparesis or aphasia to grossly destructive lesions of patients' brains identifi ed at autopsy. This early "dysfunctional" neuroimaging was relatively "gross" in a morphological sense, but still suffi cient to successfully defi ne many neurologic syndromes that link structure and function. Not surprisingly, strong structure-function correlations continue down to the cellular, and even subcellular, levels of the nervous system. The motor defi cits of polio were traced by Bodian ( 11 ) to the loss of spinal motor neurons damaged by the poliovirus. Memory defi cits in Alzheimer disease have been attributed to loss of granular cells of the dentate gyrus of the hippocampus ( 12 ) . The structure-function analysis at the microscopic level is the basis of contemporary histologic diagnosis of disease. However, microscopic diagnosis has until recently required ex vivo analysis; that is, the structural information derives from biopsy or autopsy material. It would obviously be preferable to perform "microscopic" diagnosis in a noninvasive, in vivo fashion, as we now do macroscopic structure-function correlative diagnosis.
It is worth noting the importance of imaging for studying the brain. Given the spatially heterogeneous nature of the brain (both structurally and functionally), imaging of the brain is an absolute necessity to document the location of a natural function or a disease. Only with this anatomic information can an observed neurologic, psychological, or cognitive function or defi cit be linked to its physical source, in the former case, or pathologic substrate, in the latter case. However, it is important to remember that the spatially heterogeneous brain structure and function are highly integrated; even the simplest individual cell types and their subcellular elements, such as axon terminals, dentritic spines, and synaptic vesicles. As with all scientifi c imaging, differential object contrast is as important as spatial sampling in resolving elements within an image. It was as much Golgi's silver stain that revealed to Ramón y Cajal the individual cerebellar Purkinje cell as it was the lenses of his microscope.
It was quickly appreciated from early microscopic studies of the brain that not only were there distinctive individual cell types but highly organized aggregates of cells that initially suggested and were subsequently shown to refl ect functional units. The cerebellar cortex shows a strikingly repetitive cellular structure within three macroscopic layers ( 5 ) . Korbinian Brodmann ( 6 ) showed 52 subtle regional variations of the six-cellular-layer theme of the cerebral cortex, now widely recognized as "Brodmann areas." Some of the most unique laminar organization of the cerebrum occurs in the hippocampal formation, the hippocampus proper, as well as the contiguous dentate gyrus. In sum, morphological analysis of the brain has revealed a structural continuum from individual cellular elements to local ensembles of similar cells that increase in size and complexity to the gross anatomic structures recognized by the ancients.
Although nervous system structure may be visually intriguing, it is the intimate relationship between structure and function that makes morphology important. After all, it is more important to know what the brain is doing than what it looks like! Fortuitously, the brain has been found to have a peculiarly strong relationship between structure (anatomy) and function (behavior). This intimate relationship has provided the basis for the fi eld of "experimental" neuroanatomy that is based on structurefunction correlations. Classic experimental neuroanatomy involved the destruction of a portion of the brain followed by observations of the behavior of the "experimental" subject. Such methodology applied to animals allowed 18th and 19th century scientists, such as Gall ( 7) and Rolando (8 ), to make structure-
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logic samples ( 18 ) . Conventional T1-weighted imaging does not show differential contrast between these small structures. These results do raise some interesting technical questions. They also carry important clinical implications. From a technical perspective, what is one looking at and where is it? First, how is a 100-u m structure imaged with an in-plane image voxel size of 240 u m? It is because the high contrast-to-noise ratio from the pulse sequence allows the visualization of subvoxel structures, as noted by the authors. However, this is not the same as image resolution-the ability to distinguish two objects in an image. This technique would not allow a clinician to distinguish two 100-u m structures in the same voxel. In fact, the dentate granular cell layer measures 240 u m on the image-one voxel dimension. An important physical aspect of magnetic susceptibility-induced signal changes is that the effect on the radiofrequency signal by using magnetic susceptibility and phase-sensitive pulse sequences extends beyond the actual location of the paramagnetic material ( 19 ) . This is the same susceptibility effect that distorts the anatomy of the skull base on gradient-echo images. In this case, we call it an "artifact," in that this appearance is not an accurate spatial refl ection of the sample. Are the visualized granular cell layers of the cerebellum and dentate gyrus artifacts? It is almost certainly true that these structures, as seen on these very highresolution MR images, are not spatially accurate; they are probably magnifi ed by the remote effects of the presumed paramagnetic compounds and directionally distorted in relationship to the B 0 and gradient magnetic fi elds. This contrast effect on resolution and spatial accuracy is intrinsic to all imaging systems. It is seen with optical imaging in the case of "blooming" fl uorescent stains and electron microscopy with "clumped" radiodense metallic stains. Unfortunately this important relationship between signal contrast-to-noise ratio and spatial resolution is not well defi ned, may be nonlinear, and is not fully captured by spatial resolution level-dependent functional MR imaging uses this enhanced tissue sensitivity to image activated brain.
The two articles (1,2) related to this editorial push in vivo high-resolution morphological imaging by taking advantage of higher B 0 magnetic fi eld strength, strong and effi cient spatial encoding gradients, and small volumematched radiofrequency coils to maximize signal-to-noise ratio. Compared with a conventional 1.5-T MR instrument with a single, whole-brain volumereceive coil, the combination of the higher B 0 fi eld and smaller volumematching radiofrequency coils results in at least a 10-fold increase in signal-tonoise ratio for comparably sized voxels. In these articles, the investigators have used this increased signal-to-noise ratio to gain spatial resolution, reducing inplane voxel resolution to 100-200 u m. However, as with light microscopy, tissue contrast is equally important for high-resolution imaging. Contrast-tonoise ratio, not signal-to-noise ratio is most critical for selective tissue detection and classifi cation. As previously noted, differential tissue contrast with the use of different MR pulse sequences is the MR equivalent to the microscopist's use of different histologic stains. Interestingly, both groups of investigators maximized tissue contrast by using magnetic susceptibility or T2 * -weighted pulse sequences, similar to those of functional MR imaging. In the case of T2 * -weighted imaging, differential distribution of paramagnetic materials, such as iron, results in distinguishing signals from tissues. The Marques et al article (1) reports visualization of the cerebellar granular cell layer, which is approximately 250 u m wide. The Prudent et al article (2) reports visualization of the granular cell layer of the dentate gyrus, a structure estimated to be only 100 u m wide. The demonstration of these small structures is due to the overall gain in signal-to-noise ratio of these optimized 7-T systems, and the relatively unique differential T2 * signal of these cells that is not fully explained but is postulated to relate to relatively high concentrations of iron, as suggested by Perl-stained histobetween certain pathologic tissues and normal brain. This accounts for the exquisite images of normal neuroanatomy or multiple sclerosis plaques produced by contemporary MR imaging ( 16 ) . MR imaging has been characterized by steady improvements in morphological, as well as physiologic and molecular imaging. Recently, functional MR imaging techniques have been developed that primarily depend on the detection of signal changes dependent on local cerebral blood fl ow and the relative concentration of deoxyhemoglobin. The fi ve unpaired electrons of deoxyhemoglobin result in the molecule being paramagnetic and, thus, augmenting the local magnetic fi eld. Under normal circumstances, hemoglobin and deoxyhemoglobin are sequestered within erythrocytes. Because water molecules move close to and through the erythrocyte membranes, they experience changes in their magnetic fi elds as a function of how close they are to deoxyhemoglobin molecules. Serum water molecules, experiencing slightly different magnetic fi elds depending on their individual proximity to red blood cells and deoxyhemoglobin, spin at slightly different rates. These different local magnetic fi eld environments (or regions of magnetic susceptibility heterogeneity) result in loss of proton spin-phase coherence and, thus, less signal. This fi nding is predominantly manifested as a loss of T2 or T2 * signal. Thus, local changes in deoxyhemoglobin concentration would be expected to cause relative decreases or increases in T2-and/or T2 * -weighted MR signal, the so-called blood oxygen level-dependent signal ( 17 ) . Many investigators have taken advantage of the decreased postcapillary deoxyhemoglobin concentration with regional brain activation and its expected concomitant T2 prolongation to demonstrate signal changes in activated regions of the brain. The functional MR imaging technique typically involves gradientrefocused-echo sequences, because these are most sensitive to signal changes owing to loss of proton spin-phase coherence. Metaphorically, the gradientecho technique is the MR "stain" for paramagnetic tissues, and blood oxygen EDITORIAL: In Vivo Morphologic Imaging Taken to a Higher Level Bryan metrics, such as modulation transfer function or point spread function. Regardless of possible spatial inaccuracies of susceptibility-weighted imaging, these high-resolution techniques offer obvious important diagnostic opportunities. The numerous diseases referenced by Marques et al (1) and Prudent et al (2) that are now diagnosed by using relatively "low-resolution" ex vivo light microscopy may be made in the future with "high-resolution" in vivo MR imaging. It is important to remember that the apparent morphological changes seen on these images might have corresponding spatial changes but could refl ect spatial susceptibility distortions or even signal, not spatial, changes.
Before leaving this discussion, it is appropriate to put these impressive in vivo imaging techniques in perspective by recalling the basic anatomic and functional units of the brain. The most rudimentary unit of the nervous system is traditionally considered to be the neuron (with its supporting glia), the largest of which is the Betz cell of the motor cortex that has a diameter of up to 100 m m, smaller than the spatial resolution of any current clinical imaging device. A neuronal dendritic tree receives thousands of synaptic inputs that are less than 1 m m in size. A synapse may be excitatory or inhibitory, depending on the vesicular neurotransmitter molecules released into the synaptic cleft, structures that are are measured in angstroms, below the resolution of light microscopy and three to six orders of magnitude smaller than the structures visualized by using in vivo MR imaging methods reported in the accompanying papers. These minute structures still have structure-function correlates and, hence, diagnostic importance. So there remains the need for even higher resolution in vivo imaging that the stillevolving MR technology or other as yet unimagined imaging techniques may address in the future.
